Background: Data are lacking on the effect of radiofrequency catheter ablation (RFCA) on atrial function. The aim of this study was to determine a cut-off of pre-ablation left atrial (LA) function in order to predict atrial functional recovery after RFCA.
Despite both structural and functional changes after RFCA having been extensively studied, the effect of AF ablation on left atrial (LA) function has not yet been sufficiently determined and remains a pivotal topic also with regard to the consequences of decision on whether to discontinue anticoagulation after successful ablation. 6 In patients with impaired LA function, the risk of thrombus formation is potentially augmented, irrespective of the classical risk factors. 7 Pre-ablation LA function has been identified as an independent predictor of LA function improvement at follow-up, but previous studies have not identified a cut-off of LA function able to predict LA functional recovery. 8 The aim of this mono-center prospective study was therefore to clarify the effect of AF ablation on LA function according to baseline atrial performance.
Methods

Patient Enrollment
From March to December 2013, all consecutive patients who underwent catheter ablation for paroxysmal or persistent AF in the electrophysiology laboratory were considered for enrollment. Only those who presented in sinus rhythm at baseline were included in the study. The exclusion criteria were: significant heart valve disease (more than moderate), unstable coronary artery disease, severe left ventricular (LV) hypertrophy, poor LV systolic function (LV ejection fraction [LVEF] <50%), decompensated pulmonary or thyroid disease, and severe procedural complications. Written informed consent for catheter ablation and transesophageal echocardiography was required. The study was approved by the institutional review board.
Electrophysiological Study and Catheter Ablation
As described in our previous report, 9 patients were routinely admitted to the hospital 1-2 days before ablation. Oral anticoagulants were administered for at least 1 month before the procedure (international normalized ratio [INR] target between 2 and 3) and continued during the perioperative period. All antiarrhythmic drugs were stopped for 5 half-lives before the procedure. A decapolar electrode catheter was positioned in the coronary sinus for pacing and recording. The LA was accessed via patent foramen ovale, when present, or via transseptal puncture (through 8-F long sheath; Fast-Cath or SL0, St. Jude Medical, St. Paul, MN, USA), continuously perfused with heparinized solution. A multipolar catheter (Lasso, Biosense Webster, Diamond Bar, CA, USA; or Inquiry Optima, St. Jude Medical; or Orbiter, Bard, Lowell, MA, USA) was inserted through the long sheath to map the pulmonary veins ostia. An irrigated-tip ablation catheter (Navistar or Thermocool, Biosense Webster or Coolpath, St. Jude Medical) was advanced into the LA through the same hole whenever possible; otherwise, a second transseptal puncture was performed. After transseptal puncture, i.v. unfractionated heparin was administered as a bolus (80 U/kg), and additional boluses were given throughout the procedure to maintain an activated clotting time (ACT) >250 s. After positioning of the catheters in the LA, the venous sheath was moved into the right atrium. ACT was determined 30 min after the transseptal puncture and subsequently every 30 min. A 3-D reconstruction of the LA and pulmonary veins ostia, with the use of an electroanatomic mapping system (Carto, Biosense Webster, or Nav-X, St. Jude Medical), was performed in all patients. For paroxysmal AF, the endpoint of the ablation procedure was to obtain complete electric pulmonary veins isolation. For persistent forms pulmonary veins isolation was accompanied by the creation of extralinear lesions connecting the upper pulmonary veins ostia (roof line), and the left inferior pulmonary vein down to the mitral annulus (left isthmus); when necessary, a line connecting the right inferior pulmonary vein to the mitral annulus (right isthmus) and ablation of fragmented atrial electrograms were performed to complete elimination of the potentials. RF was applied with power output up to 30 W close to the pulmonary vein ostia and up to 40 W while creating the roof line and the left mitral isthmus line, with an irrigation rate of 15-35 ml/min (0.9% saline infused with the Cool Flow Pump, Biosense Webster) to maintain a tip temperature <45 .
Echocardiography
Before ablation, extensive transthoracic and transesophageal echocardiography evaluation was performed on all patients in order to exclude the presence of thrombi in LA appendage and to evaluate global cardiac dimension and function. Follow-up studies were scheduled at 48 h, 2 weeks, 1, 2, 3 and 9 months. All echocardiographic assessments were performed using a Philips iE33 (Philips Medical Systems, Andover, MA, USA) system with a 2.5-MHz transducer, by 2 operators who were blinded to prior results and to one another's results. All measurements were acquired from 3 consecutive beats during sinus rhythm. All data were collected according to current guidelines. 10, 11 LA volume was obtained from apical 2-and 4-chamber views and was indexed to body surface area; maximum (LV end-systole, just before mitral valve opening) minimum (LV end-diastole at the start of QRS) and pre-systolic volume (at peak of P wave of simultaneously recorded electrocardiogram [ECG]) were obtained using Simpson's rule, taking care to exclude pulmonary veins and the LA appendage. We are aware that the evaluation of LA function on echocardiography is not standardized, given that different methods have been used to assess LA function in research and in clinical practice; 12, 13 the comparison of data taken at different times before and after ablation should, however, compensate for biases intrinsic to a specific approach. The LA serves multiple functions: reservoir during LV systole; conduit for blood transiting during early diastole and active contractile pump in late diastole. 14 Phasic volumes were used to calculate LA emptying fraction (LAEF) ([maximum-minimum LAV]/maximum LAV×100), LA active emptying fraction (LAAEF) ([pre-systolic-minimum LAV]/pre-systolic LAV×100), LA passive emptying fraction (LAPEF) ([maximum-pre-systolic LAV]/maximum LAV×100) and LA expansion index (LAEI) ([maximum-minimum LAV]/minimum LAV×100). More recent methods of evaluating LA function, such as color-coded tissue-Doppler based strain and strain rate and 2-D speckle-tracking based strain and strain rate were not available during the study period.
Follow-up
Patients were discharged 1 or 2 days after the procedure and were seen at hospital at 3-month intervals after ablation. A clinical cardiologist decided on anticoagulant therapy management according to patient risk profile and history; patients with easily inducible residual AF were prescribed anti-arrhythmic drugs. Arrhythmic events were assessed on symptoms, 12-lead ECG, 24-h Holter and implantable loop recorder recordings. AF recurrence was defined as the detection of AF and/or atrial tachycardia ≥3 months after ablation. Recurrent events were treated with anti-arrhythmic drugs and/or electrical cardioversion as soon as possible. During follow-up no further RFCA were required to treat AF recurrences.
Statistical Analysis
Data were analyzed using SPSS (version 12.0; Chicago, IL, USA). Continuous variables are expressed as mean±SD and categorical variables as count and percentage. The discriminating ability of the basal atrial function for the prediction of variation of LA function at mid-term follow-up was assessed using receiver operating characteristic (ROC) curves: the cut-off was obtained by maximizing the harmonic mean of sensitivity (SN) and specificity (SP) of the various levels. In order to evaluate atrial function at different time points, Friedman's non-parametric test and Wilcoxon's non-parametric test were applied. According to normality testing, strength and direction of the correlation was evaluated with Pearson or Spearman rho test for all patients.
The lack of inter-and intra-operator variability was assessed using Wilcoxon's non-parametric test for matched data, Pearson's linear coefficient r, intraclass correlation coefficient (ICC), etasquare and Bland-Altman plot. The standard deviation s of the differences (x2-x1) between the 2 measurements used to draw the limits of agreement on Bland-Altman plot and the mean m of the abscissas (x2+x1)/2 were used also to compute the coefficient of repeatability (CR)=1.96 s and the coefficient of variation (CV)=100s/m. Univariate and multivariate logistic regression analysis were used to identify clinical factors associated with LA function improvement after RFCA. LA function improvement was defined as any positive increase in LAEF compared with baseline. Variables with P≤0.10 in the univariate models were included in the multivariate logistic regression. The results of the two analyses were coherent on overlapping issues. Significance was set at P<0.05.
Results
Inter-Operator Reliability Analysis
The inter-operator reliability was satisfactory, obtaining good agreement between the various independent statistical approaches (Wilcoxon's P=0.72; Pearson's r=0.72; ICC=0.850; η 2 =0.921±0.079; CR=33.1; CV=20%).
Baseline Characteristics and Follow-up
Among patients referred for ablation of paroxysmal/persistent AF, 37 did not meet inclusion criteria (AF or atrial tachycardia at baseline evaluation, 43%; history of significant structural heart disease, 11%; inability to complete follow-up, 41%).
Baseline clinical and echocardiographic characteristics of the enrolled patients (n=64) are listed in Table 1 . The average age was 59.05±12.09 years, 48 (75%) were male, and 45 (70%) had concomitant hypertension.
All patients had New York Heart Association (NYHA) class I. Mean LVEF was 60.71±4.76; 67% patients had mild mitral regurgitation. NYHA class, LVEF and the degree of mitral regurgitation did not significantly change during follow-up (all patients maintained NYHA class I at the end of follow-up; mild mitral regurgitation: baseline 67% vs. end of follow-up 69%, P=0.97; EF: baseline 60.71±4.76% vs. end of follow-up 61.48±3.27%, P=0.251). Twenty-three patients (36%) had persistent AF. Mean arrhythmia duration since diagnosis was 71.00±84.18 months. Mean indexed LA volume was 37.8±13.6 ml/m 2 and LAEF was 0.42±0.13. Successful pulmonary vein isolation was completed in all patients; linear lesions were created in 1 patient while ablation of fragmented atrial electrograms was carried out in 2 patients. During a 9-month follow-up, AF or atrial tachycardia recurred in 14 patients (22%). 
Identification of LAEF Cut-Off
On univariate analysis only baseline LAEF was a predictor of LAEF improvement (P=0.002, OR=0.001, 95% CI: 0.000-0.099). Age, gender, hypertension, persistent AF, previous AF ablation, AF duration, AF recurrence after ablation, LA volume, E/e' ratio and RFCA ablation energy power did not reach statistical significance. On multivariate analysis LAEF was confirmed as an independent predictor of LAEF improvement (P=0.007, OR=0.000, 95% CI: 0.000-0.007).
On ROC curve analysis, the discriminating ability of LAEF was fair (area under the curve=0.70; 95% CI: 0.54-0.86). On maximization of the harmonic mean of SN and SP and agreement with Cohen's coefficient, a cutoff of 40% was identified (SN, 65%; SP, 63.6%; k=0.29; Figure 1 ). The subjects were then divided accordingly into 2 groups: group 1, baseline LAEF<40%; and group 2, LAEF ≥40%. There were no significant differences in clinical characteristics such as age, sex, AF type and duration between the 2 groups. Persistent AF was more frequent in group 1 and AF duration was shorter in group 2. No significant differences were noted in pharmacotherapy at baseline between the 2 groups. During followup, 2 patients in group 1 changed therapy, while in group 2 only in 1 patient had pharmacotherapy modified after RFCA (P=0.265 
LA Function After Ablation
In the overall population LAEF did not differ significantly at 9-month follow-up compared with baseline (P=0.384). Similar results were obtained for LAPEF and LAEI.
On comparison of the 2 LAEF subgroups, an opposite trend was seen. In group 1 a significant improvement of LAEF, LAAEF and LAEI was recorded, accompanied by an increase in LAPEF, even if it did not reach statistical significance. In group 2 a global reduction in LAEF was instead seen ( Table 2) . In group 1 LAEF showed an early improvement within 48 h, with a subsequent slight reduction until 1 month, followed by continuous improvement up to the end of the 9-month follow-up. A similar trend was seen for LAAEF. LAPEF however, had minimal reduction between the first and the second month, with good improvement at 3 months of follow-up. Only LAEI showed constant improvement during the entire followup.
In group 2 each function parameter showed a reduction within the second month, with a following improvement until the end of follow-up, without, however, reaching the baseline values (Figure 2) . Regarding LA dimensions, in group 1 all phasic volumes (maximum, minimum and pre-systolic) showed a reduction at the end of follow- 
Baseline LAEF and LAEF Variation After Ablation
Analysis of the correlation between baseline LAEF and its variation during follow-up showed a different trend for the 2 groups (Figure 3) . In group 1 a significant negative correlation between baseline LAEF and its change after ablation was observed (r=-0.62; 95% CI: -0.83 to -0.26, P (r=0) <0.002). For every 1% in baseline LAEF, there was an average 8% improvement in LAEF. No linear correlation was seen for patients with baseline LAEF ≥40% (group 2).
Figure 3.
Changes in left atrial emptying fraction (LAEF) after ablation according to baseline LAEF. Significant negative correlation between baseline LAEF and the change in LAEF after ablation was seen.
Recurrence and LAEF After Ablation
Analyzing the overall population based on AF recurrence, no differences were seen in baseline LAEF between patients with or without AF recurrence (0.41±0.15 vs. 0.41±0.12, P=0.21 
Hemodynamic Status and LAEF After Ablation
Given that heart rate significantly increased after AF ablation (61.5±13.2 vs. 66.7±19.3, P=0.001), this might have influenced LA volume and function. The change in heart rate, however, did not correlate with changes in maximum volume (r=0.23, 95% CI: -0.08 to +0.49, P (r=0) =0.14) or LAEF (r=0.24, 95% CI: -0.07 to +0.5, P (r=0) =0.13).
Hemodynamic status may have affected LA performance. No significant differences between the 2 groups in terms of loading conditions before ablation (E/e' ratio before ablation P=0.797) and during follow-up (E/e' ratio variation P=0.697) were found. Nor did the change in loading conditions (represented by E/e' ratio) correlate with change in LAEF (r=0.26, 95% CI: -0.454 to +0.385, P (r=0) =0.970).
Discussion
Change in LAEF According to Baseline LAEF
To the best of our knowledge this is the first study to determine a cut-off of pre-ablation LAEF able to predict recovery of function at mid-term follow-up. With regard to this, the key finding of the present study is the identification of a subgroup of patients with advanced LA remodeling (larger baseline volume and impaired baseline function) for whom it was possible to define a negative linear correlation between LAEF and LAEF improvement after ablation. The worse the pre-ablation function, the better the function improvement at mid-term follow-up. This evidence confirms similar data from Masuda et al, who noted a negative linear correlation between baseline LA function and subsequent function recovery after RFCA, without, however, defining a cut-off value of baseline function. 8
Previous Studies on Changes in LA Function After RFCA
Data available about LA function recovery after ablation are still controversial, 6, [15] [16] [17] probably due to the different imaging techniques used (echocardiography, magnetic resonance angiography, or computed tomography), different parameters in LA function assessment and LA function evaluation at different timelines; finally, in the majority of these studies, LA measurements did not take into account whether patients were in AF or not at the time of image acquisition.
Among the many parameters available to assess LA performance, we chose LAEF. As defined here, LAEF is calculated as a ratio between LA volumes during different phases of cardiac cycle. Despite several studies showing that atrial volume measurements with different imaging techniques are not superimposable, the use of a ratio of the same volume at different cardiac phases, measured by the same operator, can help physicians to overcome this mismatch and make LAEF an optimal marker of atrial function. 18 Moreover, the use of atrial phasic volumes not only allows an evaluation of global atrial function but also a complete assessment of different subtypes of function (active, passive, reservoir functions). The present results indicate that for patients with LAEF <40%, LAPEF and EI appear to make the larger contribution to global LA function improvement, with LAAEF seeming to predominate during the first 3 months.
The majority of studies available evaluate LA function only at the end of the follow-up period, and a close analysis of how atrial performance changes during time is still lacking. 19, 20 In a small population study, Rodrigues et al noted an early reduction in atrial function within the first 12 h after ablation, with a subsequent improvement at 6 months. 19 The close monitoring of atrial function in the present study showed an unstable trend of atrial function during the follow-up period. It is well known that changes in LA function after RFCA depend on the balance between the beneficial effect of atrial remodeling and the harmful effect of edema and fibrosis. The predominant effect of 1 or more of these elements could explain the fluctuations observed in LA function. The pro-inflammatory effect of RFCA has been demonstrated in several studies, and the slight reduction of LAEF and LAAEF observed in the first month of the follow-up could be in part due to edema development. 21 The improvement of LA performance between the first and the second month supports the hypothesis of the involvement of a reversible process. The effect of scar on atrial performance is still unclear. As demonstrated in a previous study, extensive LA scarring due to ablation results in impairment of LA function evaluated on magnetic resonance imaging (MRI). 22 The exact beginning of this effect is not defined. Based on the present data, the effect of atrial scar appeared more evident between the third and the ninth month of follow-up. Furthermore, we can speculate that the effect of reverse remodeling, edema and fibrosis is different for the 2 subgroups LAEF <40% and LAEF ≥40%. Group 1 included patients with a larger baseline volume and a reduced baseline LAEF and had a slightly higher prevalence of persistent AF. Therefore, the improvement of atrial performance noted in those patients could reflect a predominance of reverse remodeling on RFCA fibrosis. Conversely, the initial slight reduction of LAEF seen in group 2 could be related to pro-inflammatory effects and edema development early after ablation, even assuming a smaller LA remodeling before RFCA.
Finally, in previous studies, measures of LA volumes and function were collected both during AF and sinus rhythm. In the present study, the occurrence of AF during echocardiography was an exclusion criterion: if one of the LA images was acquired during AF and the other in sinus rhythm, variation of minimum LA volume, in particular, may be underestimated.
Several studies reported a different trend in atrial function in patients with and without AF recurrence. [23] [24] [25] In the present study atrial function recovery did not seem to be affected by the procedure efficacy (of eliminating the arrhythmia), possibly because of the lower rate of recurrence and the reduction of arrhythmic burden even in patients with AF recurrence.
Clinical Implications
The reduction of LA size and the increase in LA contractility seen in group 1 could act as prognostic factors of subsequent cardiovascular events. LA volume has been established as a prognostic marker for both adverse cardiovascular events as well as overall outcome. 26 To the best of our knowledge, the effective prognostic role of LA function improvement on cardiovascular events is still unknown. Data on surgical ablation showed how the absence of LA contraction on consecutive postoperative echocardiograms is associated with an increased risk of subsequent cerebral thromboembolic events. 27 The impact of AF ablation on thromboembolic risk is not clear and current opinion suggests that the decision on the long-term strategy of OAC should be based on baseline clinical risk scores, such as CHADS2 and CHA2DS2-VASc. [28] [29] [30] We can only suppose that patients with impaired baseline LAEF have a thromboembolic risk higher than that estimated only with traditional risk factors: despite sinus rhythm, high LA volumes and decreased LAEF may cause stasis of blood within the LA and LA appendage, promoting thrombus formation. After ablation, these patients had an important increase in LAEF, which could decrease blood stasis and presumably reduce thromboembolic risk during follow-up. At present, the level of LA function adequate to allow safe discontinuation of anticoagulation in this group of patients is still unknown. The finding of an evident improvement of LAEF in patients with depressed baseline function underlines the need for further studies to determine the net additional effect of LA function over the classical thromboembolic risk factors. Moreover, it must be noted how, despite that improvement in LA function, in both groups LAAEF, LAPEF and LAEI were considerably lower than in age-matched controls. 31 In current clinical practice there are no predefined cut-offs of LA dimension and function able to guide physicians in selection of patients for RFCA. Previous studies have suggested that LA enlargement is a powerful predictor of AF ablation failure. 32 The evidence of an LAEF improvement after RFCA, even in patients with moderate-severe LA enlargement, may encourage physicians to consider ablation even in this subgroup of patients.
Study Limitations
The present small sample size, and the large number of echocardiographic controls required for each patient, may have limited the power to detect predictors of function improvement on univariate analysis. Pre-ablation function, however, showed a high significance, demonstrating its strong association with LAEF during follow-up.
Considering sinus rhythm as a mandatory item in enrolment, patients with persistent AF who presented in sinus rhythm had an early persistent AF pattern. Certainly the less pronounced disease burden and substrate remodeling in this population might have influenced LA function recovery.
The 9-month follow-up limits the present results and conclusions only to the mid-term period, but progressive improvement of LA performance in patients with reduced baseline LAEF was seen, suggesting a good trend even on long-term follow-up. Of course this will require confirmation by studies covering a much longer follow-up period.
The monitoring of patients after ablation was carried out using ECG, 24-h Holter monitoring, implantable loop recorder and ambulatory visits. This method might underestimate the identification of recurrences, given that some asymptomatic recurrences might have been missed, preventing the identification of difference in LAEF change after ablation between the recurrence vs. non-recurrence group, as some other authors previously found.
Also, differences between fibrosis-preventing drugs (angiotensin-converting enzyme inhibitor and angiotensin receptor blockers) and anti-arrhythmic drugs were not evaluated, preventing elucidation of the net effect of ablation on LA recovery. Furthermore, even if several studies have used 3-D echocardiography and strain/strain rate techniques, at the moment of enrollment they were not available in the present laboratory. 33 Moreover, despite its well known advantages, 2-D echocardiography has some limitations in assessing LA volume, mainly due to difficulty in endocardial border tracing and the fact that it relies on geometrical assumptions that ignore LA geometry differences between individuals. Also, MRI is now considered to be the gold standard for LA dimension and function assessment, and LA volumes have been shown to be systematically underestimated on 2-D echocardiography compared with MRI, and LAEF are similar to those calculated using MRI. 34, 35 Finally, different authors included LAA evaluation in LA function analysis. Even if complete LAA assessment remains mandatory before RFCA in order to avoid atrial thrombosis, it requires an invasive approach associated with well-known, even if rare, complications (laryngospasm, arrhythmias including cardiac arrest, esophageal perforation, hemorrhage from esophageal tumor and death). 36 The present study provided close monitoring of LA function (7 controls during 9-month follow-up) and transesophageal echocardiography for all the controls was not possible. Moreover we chose a simple index of LA function, easy to use even in ambulatory controls.
